Abstract
INtRODUCtION
The Tibetan Plateau, known as roof of the world or the third pole of the planet, covers an area of 2.57 million km 2 . Various types of vegetation grow on the vast plateau, including forests, brushes, steppes, meadows, deserts, etc. (Chang 1981) . According to incomplete statistics, more than 230 vegetation formations have been discovered there (Integrated Scientific Expedition of the Tibetan Plateau of the Chinese Academy of Sciences 1988; Zhou et al. 1987) . Formation is the most important medium taxon of the vegetation classification scheme of China in which plant assemblages with the same constructive species are classified as a vegetation formation (Wu 1980) . Current researches show that the Tibetan Plateau is highly sensitive to climate change and vegetations on the plateau are much more vulnerable (Immerzeel et al. 2010; Liu and Chen 2000; Ni 2000; Shrestha et al. 2012; Xu et al. 2009 ). In recent decades, with the disturbance and stress from human activities becoming increasingly strong, retrogressive succession of plant communities emerges in some areas (Li et al. 2015) . As a result, some communities are ruined or transformed to other types even before being investigated and discovered (Brandt et al. 2013; Pandit et al. 2014; Wang et al. 2014 ). What's worse, the acreage of desertification following vegetation destruction is expanding (Cui and Graf 2009; Zou et al. 2002; Yang et al. 2006) . Service functions of the plateau ecosystems decline or even get lost in some regions (Wang et al. 2015) . Above all, the ecological security problems deriving from vegetation deterioration become increasingly prominent on the Tibetan Plateau (Morton 2011; Sun et al. 2012; Zhao et al. 2006) . Under these severe circumstances, researchers should keep a close and constant watch on the dynamics of vegetations on the Tibetan Plateau, especially some archetypal formations like Stipa steppes. In accordance to Vegetation of China, Stipa steppes refer to a range of formations with the plants of Stipa as their dominant species (Wu 1980) . According to vegetation surveys on the Tibetan Plateau over the past few decades, the various Stipa formations are considered to be the most typical steppes across the plateau (Integrated Scientific Expedition of the Tibetan Plateau of the Chinese Academy of Sciences 1988; Wang et al. 1980; Zhou et al. 1987) . Besides, the Tibetan Plateau proves to be the third distribution center where the plants of the genus Stipa are mainly distributed, apart from the Inner Mongolian Plateau and the Loess Plateau, in China (Kuo and Sun 1982) . Moreover, the Stipa steppes on the Tibetan Plateau are considered to be part of the Eurasian Steppes because steppe communities in both regions share numerous common genera and species and the Eurasian Steppes are mainly composed of various xeric Stipa communities (Zhou 1980) . That is, due to the upheaval of the Tibetan Plateau, the Eurasian Steppe Belt stretches from the lower Danube to northeast China parallelly and then dramatically changes the direction to southwest and extends ultimately to the northern foot of the Himalayas.
However, this point of view has not been widely accepted by their counterparts abroad owning to the scarce relevant reports over the past decades (Bredenkamp et al. 2002) .
On account of the harsh environmental conditions as well as the inaccessibility of transportation on the Tibetan Plateau, progresses in the research of Stipa steppes have been sluggish for a long time. Brief descriptions of Stipa steppes can merely be consulted in some earlier reports on vegetation surveys of the Tibetan Plateau, mainly covering species compositions, habitats and distribution patterns of a couple of Stipa formations spread in local areas (Guo 1993; Pan et al. 1977; Wang and Li 1982; Zhang 1963) . These were the preliminary surveys and studies on Stipa steppes of the Tibetan Plateau and were all published only in Chinese language for a limited audience. Wang (1988) summarized the main steppe types in Xizang Plateau (Tibet) and the characteristics of each type briefly, including 4 Stipa formations. He also gave a concise figure in the article showing the distribution patterns of 8 Stipa formations in relation to temperature and precipitation. This summary can be regarded as the utmost systematic report on steppes of the Tibetan Plateau up till now. Comprehensive and authentic as it is, some of the descriptions, including the above-mentioned figure, however, are inevitably subjective due to the limited research conditions at that time as well as the lack of presentations of relevés and statistical methods. During recent years, surveys and researches on Stipa steppes are almost entirely centered on form. Stipa purpurea, the most widespread steppe type on the Tibetan Plateau (Duan et al. 2010; Yue et al. 2008; Yue et al. 2011) . It seems that vegetation investigation on Stipa steppes, one of the significant fundamental works on the Tibetan Plateau, has become stagnant. On the other hand, however, such works are in urgent need to grasp the actual states and dynamics of vegetations across the ecological vulnerable zone amid global climate change.
Fortunately, this increasingly severe problem has drawn greater attention recently. In the year 2012, a fundamental mega-project entitled Integrated Scientific Investigation in Data-deficient Regions of the Tibetan Plateau (ISIDRTP) was launched by the government. We were involved in part of the project and mainly responsible for vegetation investigation. Over the past few years, certain strides have been made on the acquisition of vegetation data, especially relevés of Stipa formations in scantily explored regions of the Tibetan Plateau.
Based on the primary vegetation data from field work, our first aim is to objectively reveal the community types and characteristics of Stipa steppes in scantily explored regions of the Tibetan Plateau. Secondly, by utilizing interpolated climate data of the study sites, we intend to explore the distribution patterns of Stipa steppes in relation to climatic factors as well. As a unique geographical unit on the earth with a remarkable variation in rainfall, we predict Stipa steppes on the Tibetan Plateau are mainly dominated by precipitation in distribution and share certain distinctive features at the community level. The research will enrich the relevés of these areas, enabling us to acquaint with the current situations and dynamics of Stipa assemblages distributing in these regions. Meanwhile, the study provides a general view of interactions between vegetation and climates in the ecological vulnerable zone which is significant for focusing on the ecological security of the Tibetan Plateau amidst global climate change.
MAtERIALS AND MEtHODS

Fieldwork and data collection
Vegetation surveys were conducted in August and September 2012-2013 , during the later growing seasons of Stipa steppes. In view of the fact that certain formations, such as form. Stipa tianschanica var. gobica, can only be found in some specific biotopes, field work therefore was performed on a broad scale to acquire sufficient relevés of various Stipa communities. The expansive study area stretched from 79°E to 91°E, mainly including the Changthang Plateau and the Yarlung Zangbo Valley, the commonly acknowledged scantily explored regions on the Tibetan Plateau. Along the expedition route, a total of 79 locations where the Stipa communities were archetypal and less disturbed were chosen as our study sites (Fig. 1) . The altitude for them ranged from 3969 to 5207 m with the average around 4720 m. In each site, the category of Stipa community was identified according to the classification scheme in Vegetation of China (Wu 1980) . Then three sampling plots, 1 m × 1 m in size for individual, were set in the study site. Actually, in most of the study sites, Stipa steppes were heterogeneous to some degree with apparent community patches. In order to reflect the heterogeneity of the community, each plot was randomly set in a fairly homogenous patch. However, there are four study sites with one plot and six study sites with two plots due to the unexpected realities of the fieldwork on the Tibetan Plateau. In sum, we collected 223 sampling plots (containing 150 species in total) of Stipa formations across the scantily explored regions. All the species that occurred in the plots as well as their quantities were recorded. The coverage for each species was visually estimated independently and their average height was measured as well. Besides, above-ground biomasses in some representative plots were harvested and subsequently oven-dried to constant heft and weighed. In addition, geographic coordinate as well as other habitat information of each study site were noted down precisely. Based on the coordinates, bioclimatic variables for each study site were extracted from climate grids with a spatial resolution of 30 arc-second (Hijmans et al. 2005) . The grid data were downloaded from WorldClim (http://www.worldclim.org/).
Statistical analyses
The primary vegetation data collected from field work are then transformed into a response matrix, with the sampling plots in the rows, species in the columns and coverage values (decimal values between 0 and 1) in the cells. Depending on different distance measures, including Chi-squared, Sørensen and Jaccard, we checked the data set three times by running outlier analysis procedure with PCORD (version 5.0, MjM Software, Gleneden Beach, OR, US). Plots labeled "plot 196", "plot 215", "plot 216" and "plot 217" were recurrently identified as outliers in the process. Through further verification, we found that the coverage values for two species in plot 196 were missing. "plot 215", "plot 216" and "plot 217" were sampled in the same study site and the dominant species Ptilagrostis pelliotii were mistakenly identified as Stipa orientalis in the field. The four plots were therefore eliminated from the response matrix before further analyses. Afterwards, the coverage values of each response are log(x + 1) transformed to improve statistical performances (Peck 2010) .
To verify the classification scheme of Stipa formations, we established in the field as well as detect the occurrence of redundant patterns in the responses, we then ordered the 219 sampling plots in three dimensions by running Nonmetric Multidimensional Scaling (NMDS) with PCORD 5 software. Depending on Sørensen distance measure, the procedure was executed 250 times with different initial random assignments. The run with the lowest stress value was selected as the final solution (Peck 2010) . In addition, randomization tests were performed in the process.
Afterwards, a combination of indirect gradient analysis (unconstrained ordination) and direct gradient analysis (constrained ordination) was employed to explore the distribution patterns of Stipa steppes in relation to the climate. (Lepš and Šmilauer 2003) . First, we performed detrended correspondence analysis (DCA) to detect the underlying environmental gradients of the data set as well as to get lengths of the gradient. The value of the longest gradient length (Table 1) indicated that ordination methods based on a model of unimodal species response were suitable for the data set. With the climatic variables related to the DCA underlying gradients added in the explanatory matrix, we then chose detrended canonical correspondence analysis (DCCA) to hunt for the alterations of Stipa communities along related climatic gradients. The climatic variables in the explanatory matrix include annual precipitation (AP), precipitation of driest month (PDM), precipitation of driest quarter (PDQ), precipitation seasonality (PS), precipitation of wettest month (PWM) and precipitation of wettest quarter (PWQ). Furthermore, Monte Carlo permutation test was executed 499 times to assess the significance of the constrained ordination model. Both DCA and DCCA were done by Canoco for Windows (version 4.5, Biometris, Plant Research International, Wageningen, The Netherlands).
In each study site, the amount of species we recorded in the plots was taken as the species richness. Measurable attributes of all sampling plots were averaged separately and then we acquired a series of quantitative characteristics of Stipa communities including coverage, biomass. Meanwhile, the importance value (IV) of dominant species was calculated as the average of relative density, relative coverage and relative height of Stipa plant(s). The value ranged between 0 and 1, indicating the important place of Stipa plant(s) in a community. Afterwards, the community characteristics above in all study sites were respectively visualized by Origin (version 8.0, OriginLab Corporation, One Roundhouse Plaza, Northampton, MA, US).
RESULtS
Classification and major formations of Stipa steppes
According to the primary vegetation data recorded in scantily explored regions of the Tibetan Plateau, we identified 11 Stipa formations in total, among which nine are monodominant communities (including form. (Wu 1980) owning to the sparse relevés available in these areas.
By overlaying the classification scheme onto the NMDS diagram, we then get a joint ordination diagram which compounds both classification information and redundant patterns (Fig. 2 ). The figure intuitively shows that sampling plots assigned to an identical group assemble together while discrete groups occupy separate ordination spaces. The polydominant community form. S. purpurea + S. subsessiliflora var. basiplumosa is located between the corresponding monodominant communities form. S. purpurea and form. S. subsessiliflora var. basiplumosa and so does the other polydominant community form. S. purpurea + S. roborowskyi. Given that our study objects are all Stipa communities which are originally similar in species composition, the NMDS verification is of reliability and objectivity regardless of some slight overlap of diverse groups.
In spite of the fact that Stipa steppes in scantily explored regions of the Tibetan Plateau are somewhat varied, major formations are rather limited in number. We have identified 19 monodominant Stipa formations on the Inner Mongolian Plateau and 12 monodominant formations on the Loess Plateau apart from some polydominant communities. According to the amount of study sites for each formation as well as their distribution patterns (Fig. 1) , we presume that form. S. purpurea (n = 34) is the foremost Stipa assemblage across scantily Sum of all eigenvalues 13.976 explored regions due to its high occurrence frequency and wide distribution range. Moreover, monodominant communities such as form. S. subsessiliflora var. basiplumosa (n = 17), form. S. capillacea (n = 6), form. S. glareosa (n = 5) and form. S. roborowskyi (n = 4), together with the two polydominant communities we mentioned above are among the main Stipa formations occurred in specific habitats.
Climatic distribution patterns of Stipa steppes
The underlying gradients of maximum variation in Stipa assemblages are shown in the DCA diagram (Fig. 3) . Inspecting the general distribution of sampling plots, we can identify a continuous variation of Stipa communities along the first axis. Based on our knowledge of various Stipa biotopes, the first axis can be interpreted as an underlying humidity gradient or precipitation gradient. That is, communities such as form. S. purpurea var. arenosa or form. S. penicillata (on the left) prefer relatively moist habitats while form. S. tianschanica var. gobica (on the right) are normally distributed in arid environment. Moreover, the distribution of individual species in the ordination diagram confirms our interpretation (not shown in Fig. 3 due to confusion). As is presented in Table 1 , the first gradient has the largest eigenvalue (0.666) and explains 4.8% of the total species variability which is the maximum among the four axes. However, it is difficult to interpret the underlying gradient along the second axis as the vast majority of samples or species spread in the middle segment. The variations that can be explained by precipitation-related variables are shown in the DCCA biplot (Fig. 4) . We can interpret from the figure that AP, PWM and PWQ all highly correlated with axis 1. Besides, the diagram also indicates that AP, especially PWM and PWQ are the dominant climatic factors to the variation of Stipa assemblages as well as their constituent species. These can also be confirmed by the statistics in the tables below. The results of 499 Monte Carlo tests are significant for both the first axis (F = 6.462, P = 0.002) and all canonical axes (F = 4.255, P = 0.002; Table 2 ) which illustrate that the species variance of Stipa communities can be explained by the climatic variables, especially variables related to the first canonical axis. Since AP, PWQ and PWM are highly correlated (Table 3) and contribute equally to the first canonical axis ( Table 4) , we just present AP of the study sites in Table 5 which shows the precipitation preferences of various Stipa formations. Amongst the major Stipa formations, form. S. subsessiliflora var. basiplumosa (mean AP = 195.4 mm) and form. S. glareosa (mean AP = 206.8 mm) normally distribute in arid habitats, but rainfall for the former is of greater variance. By contrast, form. S. roborowskyi and form. S. capillacea favor moderately moist environment with the mean AP around 445 mm and 317.8 mm, respectively. Moreover, form. S. purpurea (range of AP = 496 mm) and form. S. roborowskyi (range of AP = 540 mm) can tolerate a fairly broad range of precipitation so that they both spread extensively on the Tibetan Plateau. Figure 5 shows part of the chief quantitative characteristics of Stipa communities in scantily explored regions of the Tibetan Plateau, including coverage, species richness, IV of dominant species as well as above-ground biomass. Our investigation indicates that Stipa communities are fairly sparse in these areas with the mean coverage around 21.1% and aboveground biomass about 60.2 g·m −2 . Generally, the mean spe- In addition, Table 5 shows the quantitative characteristics of the various Stipa communities. Amongst the major Stipa formations, form. S. purpurea is the most widely spread community which can be discovered throughout the whole regions with a large variance in species richness (range = 22) and above-ground biomass (standard deviation = 39.2). Although form. S. capillacea is far inferior in distribution, its coverage (mean = 34.3%), species richness (mean = 17.3) and aboveground biomass (mean = 112.3 g/m 2 ) are the maximum among them. In general, S. subsessiliflora var. basiplumosa, dominant species of form. S. subsessiliflora var. basiplumosa and endemic species of the Tibetan Plateau, plays a supreme role in the community, which can be reflected in the high IV of dominant species. However, high IV of dominant species are generally accompanied by poor biodiversity of the community which can be verified by the relatively low species richness (mean = 8.4). This, together with the fact that it is not only of scarcity in coverage (mean = 17.9) and biomass (mean = 32.4 g/m 2 ) but also of great change in species richness (range = 18), indicates the extremely harsh environment in the northwest of the Tibetan Plateau where form. S. subsessiliflora var. basiplumosa normally distributes. Though form. S. glareosa shows low levels in these attributes, it is far steadier, which represents the typical desert steppes on the Tibetan Plateau. Significance of the first canonical axis: F = 6.462, P = 0.0020. Significance of all canonical axes: F = 4.255, P = 0.0020.
Quantitative characteristics of Stipa communities
DISCUSSION
Under-explored Stipa communities on the Tibetan Plateau
In this study, we identified 11 Stipa formations in scantily explored regions of the Tibetan Plateau, among which six have not been recorded in Vegetation of China (Wu 1980) due to the sparse relevés available in this region. Form. S. penicillata is indeed one of the scarce Stipa communities which can be discovered occasionally in specific biotope on the Tibetan Plateau. The single study site of form. S. penicillata we come across lies in Bange County, between Siling Co and Namtso with the altitude 4739 m. Companion species of the community include Roegneria thoroldiana, Koeleria litvinowii, S. purpurea, A. demissa, Morina kokonorica, Oreosolen wattii, etc. In addition, the scarce assemblage can also be found sporadically in the alpine regions of the Inner Mongolian Plateau. Form. S. capillacea generally spreads regionally in the southern part of the Tibetan Plateau, preferring relatively humid climate in contrast to other Stipa formations. The altitude of our study sites ranges from 4522 to 4941 m. The species Dimorphostemon glandulosus, Astragalus tribulifolius, P. bifurca The mean value and range for each parameter are provided respectively in the table. 
Precipitation preferences of diverse Stipa formations
At the whole Tibetan Plateau scale, precipitation decreases gradually from southeast to northwest, leading to the vegetation alteration of forest, meadow, steppe and desert (Chang 1981) . In this study, multivariate analysis shows that precipitation gradient still plays a key role in controlling the distribution patterns of Stipa steppes. This is because the steppe zone on the Tibetan Plateau bestrides a wide longitudinal range, stretching from 78°E to 91.5°E (Miller 2005; Wang 1988 ). Besides, precipitation in the steppe zone mainly depends on the Indian Monsoon which gradually weakens along the Yarlung Zangbo Valley and in the process of climbing the Changthang Plateau. As a result, the precipitation gradient emerges across the wide steppe zone which manipulates the distribution patterns of Stipa steppes in scantily explored regions of the Tibetan Plateau (Chang 1981; Shen et al. 2008) . Precipitation preferences of various Stipa assemblages showed in Table 5 are generally in common with Wang (1988) judgment based on vegetation exploration of Tibet for years apart from that of form. S. capillacea and form. S. roborowskyi. According to Wang (1988) , form. S. capillacea prefers slightly moister habitat than form. S. roborowskyi which is in contrast to our results. In fact, form. S. roborowskyi has an extensive distribution range across the Tibetan Plateau, reflecting that it can tolerate a fairly long wetness gradient. However, it is practically impossible to access all the distribution sites. Therefore, we may get contradictory results owing to the different sampling locations we choose.
Form. S. purpurea, the most widespread Stipa community on the Tibetan Plateau
Our vegetation survey revealed that form. S. purpurea was the most widely distributed Stipa assemblage in scantily explored regions of the Tibetan Plateau, ranging from 80°0′29.31″E (site 74) to 90°55′47.90″E (site 34), from 28°41′53.33″N (site 61) to 33°53′8.56″N (site 18). This, together with other previous reports in other areas, can fully demonstrate that form. S. purpurea is the most widespread Stipa community on the whole Tibetan Plateau. Apart from the Changthang Plateau and the Yarlung Zangbo Valley, S. purpurea assemblage can distribute in the Kunlun Mountains (Cui et al. 1988; Zhang and Zhang 1987) , Hoh Xil (Guo 1993) , Qilian Mountain (Chen et al. 1994) , the source of the Yangtze River and the Yellow River (Yue et al. 2008 (Yue et al. , 2011 and regions around Qinghai Lake (Yue et al. 2014) . The extensive distribution range of S. purpurea steppe mirrors that it can tolerate the complex and diverse environments on the Tibetan Plateau. Moreover, recent studies have revealed the physiological, biochemical and proteomic mechanisms underlying the outstanding adaptability of S. purpurea, dominant species of the foremost assemblage (Yang et al. 2015a, b) .
A fly in the ointment: inadequate relevés for a large scale Though our analyses are entirely based on the primary relevés from vegetation fieldwork which is undeniably of super reliability, a fly in the ointment is that the amount of sampling sites seems to be inadequate for an extensive scale, especially for some specific formations such as form. S. orientalis and form. S. penicillata. On one hand, some formations can only be come across in specific habitats by accident indeed. For example, the species S. orientalis occurs in a rather limited range in scantily explored regions, including Zanda County and Burang County only (Wu 2008) . Thereby, the community dominated by the species S. orientalis is even scarcer.
On the other hand, vegetation investigations on the Tibetan Plateau are generally subjected to the short growing seasons of plants, especially for monocotyledons such as plants of Stipa. It is because Stipa specimens are normally identified and distinguished by the characters of inflorescences during the period of reproductive growth. Take S. purpurea, the overriding species of Stipa in scantily explored regions, as an example. Although the blooming and fruiting stage for S. purpurea extends from June to October according to Flora of China (Wu and Raven 2013) , the actual phase is notably shortened due to the high elevations of the study sites (mean = 4720 m; Dong et al. 2012; Shen et al. 2014) . Therefore, the optimal period of fieldwork for vegetation surveys is rather limited each year. The total relevés accumulated in 2 years may be inadequate to give an all-round view of Stipa steppes in these areas. In this case, relevé sharing is quite important for remote and inaccessible areas like the Tibetan Plateau. As for these regions on the earth, more shareable databases for primary research data are recommended to set up to break through the bottleneck of lacking relevés.
Anyway, the research reveals the current situations of Stipa steppes on the Tibetan Plateau, a far-off and even somewhat mysterious region for further explorations and studies in science. Meanwhile, the study provides a general view of interactions between vegetation and environment in the ecological vulnerable zone. Amidst the global climate change nowadays, these works will be beneficial and significant for focusing on the ecological security and conservation on the third pole of the planet. Therefore, relevant research works on the Tibetan Plateau should be pushed forward constantly by more successors.
CONCLUSION
Our investigation reveals that major Stipa formations are rather limited in number. Among them, form. S. purpurea is the most widespread Stipa assemblages not only in scantily explored regions but also across the whole Tibetan Plateau. The characteristics of Stipa communities, including coverage, species richness, productivity and IV of dominant species, demonstrate the features of typical alpine steppes on the Tibetan Plateau. Besides, we argue that the distribution patterns of Stipa steppes on the Tibetan Plateau are largely controlled by the precipitation gradient which is closely correlated with the gradual influence of the Indian Monsoon and the wide longitudinal span of the Tibetan Plateau.
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